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Radio-Frequency Transparent Demodulation for
Broadband Hybrid Wireless-Optical Links
Darko Zibar, Rakesh Sambaraju, Ruben Alemany, Antonio Caballero, Javier Herrera, and Idelfonso T. Monroy
Abstract—A novel demodulation technique which is transparent
to radio-frequency (RF) carrier frequency is presented and exper-
imentally demonstrated for multigigabit wireless signals. The pre-
senteddemodulationtechniqueemploysopticalsingle-sidebandﬁl-
tering, coherent detection, and baseband digital signal processing.
Multigigabit wireless signal demodulation of 1.25-Gbaud quadra-
ture phase-shift-keying modulated data at 40- and 35-GHz RF car-
rier frequency is experimentally demonstrated using the proposed
demodulation scheme.
Index Terms—Coherent communication, digital receivers, dig-
ital signal processing, microwave photonics, modulation.
I. INTRODUCTION
T
HE increase in the data capacity demand is pushing the
development of multigigabit wireless systems. Currently,
there is much research effort underway in order to develop
multigigabit wireless systems addressing applications like
local area network (LAN) bridging, interbuilding commu-
nications, mobile backhaul, etc. [1]–[3]. Several frequency
bands in the millimeter-wave frequency regime (60, 70/80,
100 GHz, etc.) have a few gigahertz of available bandwidth,
which could potentially enable gigabit wireless transmissions.
However, in order to achieve multigigabit capacity in the lim-
ited available millimeter-wave bandwidth, spectrally efﬁcient
modulation formats like quadrature phase-shift-keying (QPSK)
and -quadrature amplitude modulation (QAM) are required.
Radio-frequency (RF)-over-ﬁber technologies [3] provide a
good solution for generation and transport of wireless signals.
Wireless signal generation with the bit rate up to 10 Gb/s,
has been generated using on–off keying and spectral efﬁcient
QAM modulation [2], [5]. However, the detection of these
vector modulated multigigabit signals using conventional
electrical methods becomes complicated when the bit rate in-
creases and RF carrier frequency approaches millimeter-wave
frequencies. Recently, several photonic techniques for demod-
ulation of -QAM signals have been proposed ([4], [5] and
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references therein), but they still require relatively complex
high-bandwidth analog phase-locked-loop and RF compo-
nents. Additionally, digital coherent receiver structures have
also been proposed for RF-over-ﬁber links [6], [7]. Although,
the demonstrated digital coherent techniques do not require
electronic or optical phase-locked loops, they still require
electronics such as analog-to-digital (A/D) converters or signal
sources at high RF carrier frequencies [8]. In this letter, we
consider the optical link between the remote antenna unit and
the central station for the delivery of high RF carrier frequency
broadband wireless signals. We present a novel technique for
demodulation of high-frequency multigigabit RF signals using
coherent detection and baseband digital signal processing. The
advantage of the proposed technique is that it is transparent
to RF carrier frequency and only requires A/D converters at
the baseband/data rate frequency. In order to demonstrate the
RF frequency transparency, demodulation of 2.5-Gb/s QPSK
modulated data signal, at 40- and 35-GHz RF carrier frequency,
is experimentally demonstrated. To the best of our knowledge,
this is the ﬁrst experimental demonstration where a combina-
tion of optical single-sideband ﬁltering, coherent detection,
and baseband digital signal processing is employed for ﬁber
transport and subsequent demodulation of high RF carrier
frequency, phase-shift-keyed modulated wireless signals. It is
this unique combination that makes our proposed technique
transparent to the RF carrier frequency as well as broadband.
II. EXPERIMENTAL SETUP AND DIGITAL COHERENT
DEMODULATION
The schematic of the experimental setup is shown in Fig. 1.
The system incorporates ﬁber to attain a simpliﬁed remote an-
tenna base station and thereby locate all the signal processing
parts at the central station. The idea is to keep the remote an-
tenna station as simple as possible [3]. In order to emulate the
received RF signal at the remote antenna station, a pattern gen-
erator is used to generate in-phase and quadrature components
of the 1.25-Gbaud QPSK data signal which are then up-con-
verted to an RF carrier frequency of GHz by a
vector signal generator. The electrical power of the QPSK mod-
ulated RF signal was set to 2 dBm. An optical carrier at the
wavelength of nm generated from an external
cavity tunable laser (TLS) was amplitude modulated with the
1.25-Gbaud QPSK modulated data signal at the 40-GHz RF
carrier frequency using a Mach–Zehnder modulator (MZM) bi-
ased at the quadrature point. The output of the MZM consists
of the optical carrier at nm, and two sidebands,
at nm and nm,
each modulated with 1.25-Gbaud QPSK data and separated by
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Fig. 1. General outline for the experimental setup for demonstration of RF
transparent demodulation of multigigabit RF-over-ﬁber link. PPG: pulse
pattern generator; VSG: vector signal generator; FBG: ﬁber Bragg grating;
MZM: Mach–Zehnder modulator; PC: polarization controller; TLS: tunable
laser source; LO: local oscillator; ￿ : wavelength of the TLS; ￿ ￿￿ :w a v e -
length of the LO TLS; ￿ : RF carrier frequency of the signal from VSG.
40 GHz/0.32 nm from (see Fig. 1). The main idea behind our
approach is now to ﬁlter out one of the sidebands of the modu-
lated optical carrier ( or ), and in this way
only transmit baseband data making this scheme RF carrier fre-
quency independent, and also dispersion tolerant since only the
basebanddataistransmitted.ThisisillustratedinFig.1.Toﬁlter
outthesidebandat nm,aﬁberBragggrating
(FBG) centered at nm with an optical band-
width of 25 GHz is used in combination with an optical cir-
culator. The reﬂected signal from the FBG at the wavelength
nm which is then sent to the receiver con-
tains purely 2.5-Gb/s QPSK data modulation. The optical data
signal at nm, carrying 2.5 Gb/s of QPSK
data, is then transmitted over a 26-km standard single-mode
ﬁber (SMF) prior to coherent detection, which only requires
basebandsignalprocessingattwicethedatarate.Atthereceiver,
an optical local oscillator (LO) signal, generated from another
tunable external cavity laser ( 100-kHz linewidth), and with
the wavelength approximately set to nm is
mixed with the ﬁltered sideband carrying 2.5-Gb/s QPSK data
in the90 optical hybrid. We have a polarization controller after
the LO laser output so that the polarization of the LO optical
signal is manually aligned to maximize the power input to the
optical hybrid. In practice, a polarization diversity scheme or
polarization tracking could be employed. The in-phase and
quadrature optical components are detected using two pairs
of balanced photodiodes (BW 7.5 GHz), which were inbuilt in
the optical 90 optical hybrid. The photodetected signals were
then digitized using a high bandwidth real-time oscilloscope.
The digitized signals and , where is an integer,
are later used for ofﬂine digital signal processing consisting
of matched ﬁltering, decimation, and a QPSK demodulation
module. The matched ﬁlter is a ﬁnite impulse response (FIR)
raised cosine ﬁlter and is used to maximize the signal-to-noise
ratio of the detected signal. The decimator down-samples the
digitized signals and to one sample per bit prior
to QPSK demodulation block. The QPSK demodulation block
is a decision directed feedback structure which removes phase
and frequency offset between the transmitter and LO laser and,
thereby, performs QPSK data signal demodulation [9]. The fre-
Fig.2. OpticalspectrumoftheinputsignaltotheFBG,andreﬂectedandtrans-
mitted optical signal through the FBG.
quency offset between the transmitter laser and the LO may ap-
proach up to 500 MHz, making its removal quite challenging
by using conventional digital estimation methods like Viterbi &
Viterbi, for which frequency offset values up to approximately
10% of the baud rate can be tolerated [9]. Therefore, we use a
feedback structure employing a digital phasor-locked loop such
that frequency offset values up to 500 MHz can be removed by
optimizing the loop bandwidth and still keeping the loop stable.
Since the power of the received RF signal may in some cases be
very low, it would result in very low sideband powers as well. If
no optical single sideband ﬁltering is used, then the gain of the
optical ampliﬁers would be distributed over the entire optical
signal, including the carrier and the other sideband which is not
desired. The optical single-sideband ﬁltering can be placed ei-
ther at the antenna or central ofﬁce all depending on the trans-
missions scenario.
III. EXPERIMENTAL RESULTS
In Fig. 2, optical spectra of the input signal at the FBG, as
well as the optical spectra of the transmitted and the reﬂected
signal from theFBG, are shown.It is thereﬂected signal at
nm containing only baseband 2.5-Gb/s QPSK
data modulation that is sent to the transmission span of 26 km
and subsequent signal demodulation as mentioned earlier. It is
observed from Fig. 2 that the FBG suppresses the optical carrier
at and the lower sideband at by more than 30 dB,
allowing for pure baseband transmission.
In Fig. 3(a), the frequency spectrum of the sampled pho-
tocurrent is shown. It is observed that the signal is in
baseband and is symmetric around zero since the frequency
offset between the transmitter and LO laser has been removed
by the DSP. The frequency spectra has nulls at 1.25 GHz as
expected. In Fig. 3(b), the constellation diagram of the demod-
ulated 2.5-Gb/s QPSK signal is shown for the RF power of
2 dBm. The constellation points look clear and well separated
indicating that the digital signal-processing-based receiver can
be successfully used for QPSK signal demodulation. Next,
in order to test the demodulation scheme, we investigate the
system performance as a function of optical signal-to-noise
ratio (OSNR). Fig. 4(a) shows the bit-error-ratio (BER) curves
plotted as a function of the OSNR measured in 0.1-nm resolu-
tion bandwidth. To begin with, we focus on the data signal at
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Fig. 3. (a) Frequency spectra of the sampled photocurrent, ￿ ￿￿￿ at the output
from one of the arms of the 90 optical hybrid. (b) Constellation diagram of the
demodulated 2.5-Gb/s QPSK data signal.
Fig. 4. (a) BER plotted as a function of OSNR. The RF power is maintained
constant at 2 dBm, which converts to a modulation depth of 0.51 rad. ￿ of the
modulator is 4.9 V. (b) BER plotted as a function of the modulation depth.
40-GHz RF carrier frequency. First, the BER was measured in
a back-to-back scenario, and then a 26-km ﬁber transmission
was performed. Fig. 4(a) shows that for the back-to-back
scenario, successful signal demodulation is achieved with the
receiver sensitivity of 8 dB in order to obtain the BER of
. Additionally, it can be observed from Fig. 4(a), that the
26-km ﬁber transmission did not induce any penalty for the
demodulation of a 2.5-Gb/s QPSK signal at 40-GHz RF carrier,
proving the dispersion tolerance of the proposed scheme. In
order to demonstrate the RF transparency of the demodulation
scheme, the RF carrier frequency was changed to 35 GHz while
still keeping the 1.25-Gbaud QPSK data signal modulation.
Changing the RF carrier frequency from 40 to 35 GHz has
moved the sideband center wavelength, so in order to be able to
ﬁlter the sideband properly, the transmitter laser was detuned
to maximize the ﬁltered optical power. In Fig. 4(a), the BER as
a function of OSNR is plotted when the RF carrier frequency is
35 GHz. The error-free (zero errors counted) signal demodu-
lation is achieved when the OSNR is 7 dB, which is indicated
by an arrow in Fig. 4(a). We deﬁne an error-free operation
when we observe no errors for the considered 100.000 bits.
An improvement in the BER is observed compared to the case
when the RF carrier frequency was 40 GHz, which is due to the
increased frequency response of the MZM at 35 GHz compared
to 40 GHz. From the speciﬁcations of the used MZM provided
by the manufacturer, a difference of 2 dB in is noted and
this difference is reﬂected in the measured OSNR penalty (for
BER of ) when moving from 35 to 40 GHz.
In order to analyze the effect of the RF power on the perfor-
mance of the demodulation scheme, the BER was measured as
a function of the modulation depth without any additional op-
tical noise and plotted in Fig. 4(b). The modulation depth was
variedfrom0.25to0.40rad,andthecorrespondingopticalside-
bandpowerwasalsomeasuredandisshownaswellinFig.4(b).
Fig. 4(b) shows that the BER well below is obtainable.
Also, for relatively low sideband optical power of 48 dBm,
a BER of approximately is achievable. This proves the
high sensitivity of the proposed demodulation scheme. In gen-
eral, decreasing the modulation depth results in decreasing the
signal-to-noise-ratio of the received signal and this translates
into increased BER, as shown in Fig. 4(b).
IV. CONCLUSION
We demonstrate by a proof-of-principle a solution/system
for transport of wireless signals from the antenna base station
to the central ofﬁce which is transparent to the RF carrier
frequency and only needs electronics at twofold of the wireless
signal data rate. The proposed technique is based on optical
single-sideband ﬁltering, coherent detection, and baseband dig-
ital signal processing. A successful experimental demodulation
of 2.5-Gb/s QPSK data signal at 40- and 35-GHz RF carrier
frequency is successfully demonstrated using the same receiver
structure thereby demonstrating the RF transparency of the
scheme.
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